Introduction {#sec1-1}
============

Alzheimer\'s disease (AD) is a chronic neurodegenerative disease characterized by progressive cognitive impairment associated with memory impairment. The major pathological changes are neurofibrillary tangles, senile plaques and neuronal loss (Lister and Barnes, 2009). The prevention and treatment of AD are very complicated. Modern medicine has studied AD at the genetic and molecular levels, but cannot reveal its exact etiology and pathogenesis. Learning and memory deficits are major clinical manifestations of AD, but synaptic plasticity is believed to be an important cellular basis for learning and memory (Tang et al., 2012). Synaptic plasticity mainly includes structural and functional plasticity. Han (2005) considered that synaptic plasticity has direct effects on neural activity. Long-term potentiation and long-term depression are two indicators and forms of synaptic transmission (Peng and Guo, 2008; Collingridge et al., 2010). Long-term potentiation as an experimental model of synaptic plasticity has been used in the study of learning and memory by neuroscientists (Bliss, 1999; Amici et al., 2009). Generally, long-term potentiation and long-term depression are factors that affect neuronal synaptic plasticity and some learning and memory activities. Long-term potentiation is associated with memory formation and storage. Long-term depression is associated with memory integration, forgetting, and recovery of long-term potentiation production at synapses (desaturation). Long-term potentiation and long-term depression compose a neural network to learn (Elgersma and Silva, 1999). Morris et al. (1997) believed that long-term potentiation of experience-dependent hippocampal excitatory synaptic transmission has already formed the basis of some forms of memory. Mcnaughton et al. (1986) found that the saturation in synapses led to severe learning disabilities. The premise of the recovery of learning ability with the recovery of synaptic transmission was that synaptic transmission recovered to a normal level (Morris et al., 1986).

Acupuncture is an effective method to prevent and treat AD (Cui, 2014). *Baihui* (DU20) and *Shenshu* (BL23) are acupoints used in the treatment of AD. Zhu et al. (2013) considered that acupuncture at *Baihui* and its subsidiary acupoints were able to improve the behaviors of rats with vascular dementia by mammalian target of the rapamycin (mTOR) signaling pathway. Meng et al. (2009) considered that acupuncture pretreatment at *Baihui* and *Shenshu* was able to ameliorate the learning and memory abilities in rats with vascular dementia. Luo et al. (2013) stated that acupuncture at *Baihui* and *Shenshu* in the prevention and treatment of AD was probably associated with the effects of inhibiting overexpression of ethanol dehydrogenase protein in the mitochondria of hippocampal neurons, elevating cytochrome oxidase IV activity, and improving mitochondrial energy metabolism. The effects of electroacupuncture on AD have been strongly associated with electroacupuncture parameters and acupoints (Yu et al., 2014). The currently accepted frequency range of electroacupuncture is 2--5 Hz (low frequency) and 50--100 Hz (high frequency). This study sought to compare the effects of electroacupuncture at different frequencies (2 Hz and 50 Hz) at *Baihui* and *Shenshu* on synaptic transmission in AD rats.

Materials and Methods {#sec1-2}
=====================

Animals {#sec2-1}
-------

Fifty specific-pathogen-free male Wistar rats aged 4--5 months and weighing 300--350 *g* were provided by the Hubei Research Center of Laboratory Animals of China (license No. SCXK (E) 2008-0005). All rats were housed at 24 ± 2°C in 12-hour light/dark cycles. The protocols were approved by the Animal Ethics Committee of Hubei University of Chinese Medicine of China.

Establishment of AD models {#sec2-2}
--------------------------

Two unqualified rats were excluded in the water maze test. Exclusion criteria: in normal rats, the upper limit was one-fold the standard deviation of their mean escape latency, and the lower limit was two-fold the standard deviation (Du et al., 2011). The remaining 48 rats were equally and randomly divided into normal group, sham surgery group, model group, sham acupuncture group, 2 Hz electroacupuncture group and 50 Hz electroacupuncture group.

AD models were established in accordance with O'Hare et al.\'s method (1999). β-Amyloid 1--42 (Aβ~1--42~) (Sigma, St. Louis, MO, USA) was prepared into 1 µg/µL solution with PBS, and incubated in a 37°C water tank for 7 days. In the model, sham acupuncture, 2 Hz electroacupuncture and 50 Hz electroacupuncture groups, the rats were weighed and intraperitoneally anesthetized with 10% chloral hydrate (0.3 g/kg). 5 µL of oligomeric Aβ~1--42~ was injected into bilateral hippocampal dentate gyrus (anteroposterior: 3.2 mm, lateral/rostral: 2.5 mm, height: 3.5 mm). In the sham surgery group, 5 µL of 0.9% NaCl was injected into bilateral dentate gyrus. Rats in the normal group did not receive any injection.

Electroacupuncture {#sec2-3}
------------------

15 days after model establishment, rats in the 2 Hz electroacupuncture and 50 Hz electroacupuncture groups underwent electroacupuncture using the Hans electronic acupuncture apparatus (HANS-100A, Beijing Huayun Ante Science and Technology Co., Ltd., Beijing, China). Two needles were pricked into the *Shenshu* and *Baihui* points as positive and negative electrodes, respectively. *Shenshu* was alternately stimulated on the left and right sides every day. Parameters were as follows: continuous wave, voltage 2--4 V, current 1--2 mA. The needle was maintained in place for 20 minutes. Electroacupuncture was performed once a day, over a course of 7 days for two courses, with a day off between courses. The frequencies in the 2 Hz electroacupuncture group were 2 Hz and 50 Hz in the 50 Hz electroacupuncture group. In the sham acupuncture group, only the surfaces of *Baihui* and *Shenshu* were stimulated, but the current was not connected.

Morris water maze {#sec2-4}
-----------------

After electroacupuncture, learning and memory abilities were measured using Morris water maze (Chengdu Taimeng Technology Co., Ltd., Chengdu, Sichuan Province, China). Rats swam freely twice to orient themselves before the test for 120 seconds each time. The Morris water maze consisted of a navigation test and spatial probe test for 5 days. For the navigation test, the tank was arbitrarily divided into southeast, northeast, northwest and southwest quadrants. The time needed for the rats to search and climb the platform in the water was recorded within 2 minutes and this was regarded as the escape latency. Mean escape latency was calculated, and the results were recorded for 4 days. If an animal failed to climb onto the platform within 120 seconds, it was manually guided onto the platform and made to stay for 10 seconds. Spatial probe test: the platform was removed from the pool on day 5, and mice were allowed to search for the platform for 120 seconds. The numbers of platform crossings in 120 seconds, and the first time of crossing the platform were recorded (Du et al., 2011).

Preparation of hippocampal slices {#sec2-5}
---------------------------------

After the Morris water maze, all rats were intraperitoneally anesthetized with chloral hydrate, and decapitated. By continuously washing with an artificial cerebrospinal fluid (NaCl 7.25 g, KCl 0.22 g, MgSO~4~·7H~2~O 0.25 g, CaCl~2~ 0.22 g, KH~2~PO~4~ 0.17 g, NaHCO~3~ 2.18 g and glucose 1.80 g in 1 L of ultrapure water) aerated with 95% O~2~ + 5% CO~2~, the brains were rapidly extracted and placed on artificial cerebrospinal fluid-coated filter paper. After removal of the cerebellum, the cerebrum was cut open along the median line. Along the sagittal line at 45°, the hemisphere was cut with a blade, fixed on agarose gel, and sliced into 500 µm-thick sections with a microtome (Leica, Freiburgim Breisgau, Germany) in mixed gas and 4°C artificial cerebrospinal fluid. The sections were placed in 30--32°C artificial cerebrospinal fluid aerated with 95% O~2~ + 5% CO~2~ for 1 hour.

Electrophysiological experiments {#sec2-6}
--------------------------------

After 1 hour of incubation, all sections were placed in a recording chamber (0.3--0.4 mL) and continuously aerated with 95% O~2~ + 5% CO~2~ and 4°C artificial cerebrospinal fluid at a speed of 1.5--2.5 mL/min at 31--32°C. A stimulating electrode was placed on perforating fibers anterior to the entorhinal area, and a recording electrode was placed on the hippocampal dentate gyrus. MED64 Mobius software (Alpha Med Science, Osaka, Japan) was used to record postsynaptic population spike.

Long-term potentiation and long-term depression recording {#sec2-7}
---------------------------------------------------------

Conditioned stimulus was first given at pulse width 150 µs, 0.5 Hz frequency, constant current (0.15--1.0 mA), square wave. Input/output (I/O) curves were measured. The conditioned stimulus intensity was the intensity that evoked 50% of the maximum population spike amplitude. 30 minutes after the population spike was stable (amplitude changes \< 10%), the conditioned stimulus was given and recorded for 30 minutes as a baseline. High-frequency stimulus was then given: twenty 200-Hz pulses served as a group, with an interval of 2 seconds, 10 groups in total, with the intensity that evoked 75% of the maximum population spike amplitude. Afterwards, conditioned stimulus was given and amplitude changes were recorded within 60 minutes. In the long-term depression test, low-frequency stimulus was given: the intensity of conditioned stimulus, nine hundred 1-Hz train stimuli, 5 pulses at 250 Hz in each train. Population spike amplitude was measured with the distance of the minimum of the first descent phase to the midpoint of two rising peaks. The percentage of population spike amplitude before and after stimulation was used to indicate the altered degree of the plasticity of synaptic transmission (long-term potentiation and long-term depression).

Statistical analysis {#sec2-8}
--------------------

All data were analyzed using SPSS 17.0 software (SPSS, Chicago, IL, USA) and expressed as the mean ± SD. Intergroup data were compared using one-way analysis of variance. A value of *P* \< 0.05 was considered statistically significant.

Results {#sec1-3}
=======

Effects of different frequencies of electroacupuncture on the behavior of AD rats {#sec2-9}
---------------------------------------------------------------------------------

### Navigation test {#sec3-1}

The escape latency was significantly longer in the model group than in the normal group (*P* \< 0.01). The escape latency was significantly shorter in the 2 Hz and 50 Hz electroacupuncture groups than in the model and sham acupuncture groups (*P* \< 0.01). The escape latency was significantly shorter in the 50 Hz electroacupuncture group than in the 2 Hz electroacupuncture group (*P* \< 0.01; **[Figure 1](#F1){ref-type="fig"}**).

![Effects of electroacupuncture (EA) on mean escape latency in the Morris water navigation test in Alzheimer\'s disease rats.\
Data are expressed as the mean ± SD, with eight rats in each group. Intergroup data were compared with one-way analysis of variance. \*\**P* \< 0.01, *vs*. normal group; \#\#*P* \< 0.01, *vs*. model group; ††*P* \< 0.01, *vs*. sham acupuncture group; ‡‡*P* \< 0.01, *vs*. 2 Hz electroacupuncture group.](NRR-11-801-g002){#F1}

### Spatial probe test {#sec3-2}

The first time of crossing the platform was significantly later in the model group than in the normal group (*P* \< 0.01). The first time of crossing the platform was significantly shorter (*P* \< 0.01), but the number of times test animals crossed the platform was significantly more (*P* \< 0.01) in the 2 Hz and 50 Hz electroacupuncture groups compared with the model and sham acupuncture groups. The escape latency was shorter (*P* \< 0.01), but the number of times test animals crossed the platform was more (*P* \< 0.01) in the 50 Hz electroacupuncture group compared with the 2 Hz electroacupuncture group (**[Figure 2](#F2){ref-type="fig"}**).

![Effects of electroacupuncture (EA) on spatial probe test in Alzheimer\'s disease rats.\
(A) First time crossing the platform; (B) number of times test animals crossed the platform. Data are expressed as the mean ± SD, with eight rats in each group. Intergroup data were compared with one-way analysis of variance. \*\**P* \< 0.01, *vs*. normal group; \#\#*P* \< 0.01, *vs*. model group; ††*P* \< 0.01, *vs*. sham acupuncture group; ‡‡*P* \< 0.01, *vs*. 2 Hz electroacupuncture group.](NRR-11-801-g003){#F2}

Effects of different frequencies of electroacupuncture on hippocampal synaptic transmission in AD rats {#sec2-10}
------------------------------------------------------------------------------------------------------

After high-frequency stimulus, the population spike amplitude increased stably in each group. At 60 minutes, the increased population spike amplitude was 253.21 ± 26.10% of the conditioned stimulus in the normal group, 163.58 ± 17.32% in the model group, 250.27 ± 27.12% in the sham surgery group, 167.74 ± 18.42% in the sham acupuncture group, 190.45 ± 23.64% in the 2 Hz electroacupuncture group, and 210.34 ± 21.25% in the 50 Hz electroacupuncture group. Compared with the normal group, the increased population spike amplitude was significantly lower in the model group (*P* \< 0.05). The population spike amplitude in the 2 Hz and 50 Hz electroacupuncture groups was higher than in the model group, but lower than in the normal group (*P* \< 0.05). The increased population spike amplitude was higher in the 50 Hz electroacupuncture group than in the 2 Hz electroacupuncture group (*P* \< 0.05). The increased population spike amplitude was similar between the normal and sham surgery groups and sham acupuncture and model groups (*P* \> 0.05; **[Figure 3](#F3){ref-type="fig"}**).

![Effects of electroacupuncture on long-term potentiation in Alzheimer\'s disease rats.\
Data are expressed as the mean ± SD, with eight rats in each group. Intergroup data were compared with one-way analysis of variance. Compared with the normal group, the increased population spike amplitude was significantly lower in the model group (*P* \< 0.05). The population spike amplitude in the 2 Hz and 50 Hz electroacupuncture groups was higher than in the model group, but lower than in the normal group (*P* \< 0.05). The increased population spike amplitude was higher in the 50 Hz electroacupuncture group than in the 2 Hz electroacupuncture group (*P* \< 0.05). The increased population spike amplitude was similar between the normal and sham surgery groups and sham acupuncture and model groups (*P* \> 0.05). PS: Population spike; HFS: high-frequency stimulus.](NRR-11-801-g004){#F3}

Following low-frequency stimulus, the population spike amplitude was similar to baseline in the normal group. The population spike amplitude decreased and stabilized in the model group. 60 minutes later, compared with the model group, the population spike amplitude was lower in the 2 Hz and 50 Hz electroacupuncture groups (*P* \< 0.05). The decreased population spike amplitude was less in the 50 Hz electroacupuncture group than in the 2 Hz electroacupuncture group (*P* \< 0.05). No significant difference in the decreased population spike amplitude was detected between the normal and sham surgery groups and sham acupuncture and model groups (*P* \> 0.05; **[Figure 4](#F4){ref-type="fig"}**).

![Effects of electroacupuncture on long-term depression in Alzheimer\'s disease rats.\
Data are expressed as the mean ± SD, with eight rats in each group. Intergroup data were compared with one-way analysis of variance. Compared with the model group, the population spike amplitude was lower in the 2 Hz and 50 Hz electroacupuncture groups (*P* \< 0.05). The decreased population spike amplitude was less in the 50 Hz electroacupuncture group than in the 2 Hz electroacupuncture group (*P* \< 0.05). No significant difference in the decreased population spike amplitude was detected between the normal and sham surgery groups and sham acupuncture and model groups (*P* \> 0.05). PS: Population spike; LFS: low-frequency stimulus.](NRR-11-801-g005){#F4}

Discussion {#sec1-4}
==========

The possible mechanisms underlying acupuncture in the treatment of AD to improve learning and memory abilities are: neurotransmitter release regulation, neuron protection, increase in neurotrophic factor content, regulation of protein kinase activity in the hippocampus, inhibition of inflammatory reaction of brain tissue, adjusting abnormal protein levels, and up-regulation of autophagic activity levels (Zhu et al., 2012). These mechanisms are strongly associated with synaptic plasticity, and can improve learning and memory abilities by altering synaptic plasticity (Feng et al., 2014). Glutamate has the highest content of any excitatory neurotransmitter in the central nervous system. An overdose of glutamate has toxic effects on the nervous system. Acupuncture was able to regulate glutamate transmitter and glutamate receptor expression in the cerebral cortex and hippocampus, affect synaptic transmission and improve learning and memory abilities (Shi et al., 1998; Meng et al., 2008). Neurotrophic factors participate in axon growth and brain protection, and play an important role in synaptic plasticity. Acupuncture improves synaptic ultrastructure, enhances synaptic transmission, and restores memory function by promoting neurotrophic factor and its mRNA expression (Huang et al., 2004; Tang et al., 2005; Yi et al., 2006). Results from this study demonstrated that 2 Hz or 50 Hz electroacupuncture was able to shorten escape latency and the first time of crossing the platform, and increase the number of times crossed the platform within 120 seconds in AD rats. Moreover, the effects of 50 Hz electroacupuncture were better than that of 2 Hz electroacupuncture. These findings suggest that electroacupuncture with frequencies of 2 Hz and 50 Hz was able to improve learning and memory abilities of AD rats, and the degree of improvement was associated with the frequency.

Long-term synaptic plasticity is often presented as long-term potentiation/long-term depression. Xu et al. (2014) stated that 2 Hz electroacupuncture was able to improve the learning and memory abilities in senescence-accelerated mice, with the possible mechanism being the down-regulation of the β-amyloid precursor protein mRNA expression. Shen et al. (2010) asserted that electroacupuncture was able to improve the learning and memory abilities in AD rats, and its mechanism is probably associated with the recovery of long-term potentiation by electroacupuncture. Shen et al. (2013) confirmed that 2 Hz electroacupuncture improved long-term potentiation and elevated the learning and memory abilities by enhancing cyclic AMP response element-binding protein in AD rats. Wei et al. (2013) verified that 50 Hz electroacupuncture improved the learning and memory abilities in AD rats; and its mechanism may be associated with increasing protein kinase C expression and enhancing long-term potentiation. We found that electroacupuncture was able to enhance synaptic transmission in AD rats, and the effects of 50 Hz electroacupuncture were better than those of 2 Hz electroacupuncture, which was consistent with the results of a previous study (Wang, 2013). Simultaneously, electroacupuncture was able to reverse the suppression of synaptic transmission; and the effects of 50 Hz electroacupuncture were better than those of 2 Hz electroacupuncture. In conclusion, electroacupuncture strengthens synaptic transmission and improves memory disorders in AD rats. The degree of improvement is associated with the frequency of electroacupuncture.
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